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SYSTEMS, METHODS, DEVICES AND
ARRANGEMENTS FOR NANOWIRE MESHES

FEDERALLY-SPONSORED RESEARCH AND
DEVELOPMENT

This invention was made with Government support under
contract 0507301 awarded by the National Science Founda-

tion. The Government has certain rights 1n this invention.

FIELD OF THE INVENTION

The present invention relates generally to conductive and
transparent electrodes, and more particularly to such elec-
trodes implemented using a metal nanowire mesh.

BACKGROUND

Thin-film optoelectronic devices make use of transparent,
conductive thin-film electrodes to provide a low-resistance
clectrical contact to the active layers while not impeding
coupling of light into and out of the devices. Transparent,
conductive metal oxides such as indium tin oxide (ITO) and
Al-doped zinc oxide are commonly used for this purpose, but
they have a number of disadvantages. The cost of sputtered
metal oxide thin films may be too high for applications, such
as roll-to-roll processed solar cells and large-area organic
light-emitting diodes (LEDs) for lighting applications. When
deposited on flexible substrates, the brittleness of metal
oxides leads to film cracking when the substrate i1s bent,
causing device failure. In cases where a transparent electrode
1s required on top of organic active layers, the sputter depo-
sition of ITO onto an organic material 1s known to cause
damage to the underlying organic layers, which leads to a
decrease in device performance. Finally, there 1s a tradeoff
between optical transparency and sheet resistance: thicker
films (or higher doping concentrations) decrease not only the
film sheet resistance but also the optical transparency, espe-
cially for low sheet resistances.

SUMMARY

Aspects of the present invention are directed to electrode
applications that address challenges including those dis-
cussed above, and that are applicable to a variety of transpar-
ent-conductor applications, devices, systems and methods.
These and other aspects of the present invention are exempli-
fied 1n a number of implementations and applications, some
of which are shown 1n the figures and characterized 1n the
claims section that follows.

According to one embodiment of the present invention, a
method 1s implemented that includes synthesizing metal
nanowires 1n a solution containing a structure-directing,
agent. The metal nanowires are deposited on a substrate to
form a sheet of nanowires. The deposited metal nanowires are
heated to a temperature less than about 200 degrees Celsius
and for a period of time of about 10 minutes to 60 minutes,
thereby removing the structure-directing agent and modify-
ing the electrical conductivity and optical transmittance of the
sheet of nanowires.

According to another embodiment of the present invention,
a method 1s implemented that includes synthesizing metal
nanowires 1n a solution contamning a structure-directing,
agent. The metal nanowires are deposited on a substrate to
form a sheet of nanowires. The structure-directing agent 1s
removed using a removal profile that results 1n sheet conduc-
tivity of less than about 25 ohms per square and sheet trans-
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mittance of at least 80 percent for all wavelengths between
400 nanometers and 800 nanometers. According to one
removal profile, the deposited metal nanowires are heated to
a temperature less than about 200 degrees Celsius and for a
period of time of about 10 minutes to 60 minutes. According
to a second removal profile, the deposited metal nanowires
are heated to a temperature less than about 240 degrees Cel-
sius and for a period of time of about 10 minutes to 30
minutes. According to another removal profile, the deposited
nanowires are coated or replaced with a second metal. In one
instance, the nanowires are Silver and the second metal 1s
Gold.

Embodiments of the present invention relate to a device
that includes a nanowire mesh. The nanowire mesh has the
properties of sheet conductivity of less than about 25 ohms
per square and sheet transmittance of at least 80 percent for all
wavelengths between 400 nanometers and 800 nanometers.

An embodiment of the present invention relates to optical
circuits that recerve and/or transmit light passing through a
nanowire mesh that has the properties of sheet conductivity of
less than about 25 ohms per square and sheet transmittance of
at least 80 percent for all wavelengths between 400 nanom-
cters and 800 nanometers.

Other embodiments relate to organic-based circuits upon
which a metallic-nanowire mesh 1s deposited. The nanowire
mesh can have the properties of sheet conductivity of less than
about 25 ohms per square and sheet transmittance of at least
80 percent for all wavelengths between 400 nanometers and
300 nanometers.

The above summary 1s not intended to describe each 1llus-
trated embodiment or every implementation of the present
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention may be more completely understood 1n con-
sideration of the following detailed description of various
embodiments of the invention in connection with the accom-
panying drawings, in which:

FIG. 1 shows an example implementation of an organic
photovoltaic-cell, consistent with an embodiment of the
present invention;

FIG. 2 shows an example implementation of an organic
light-emitting-diode (LED), consistent with an embodiment
of the present invention;

FIG. 3 shows an example implementation that combines a
photovoltaic cell and battery, consistent with an embodiment
of the present invention;

FIG. 4 shows results for solar photon flux-weighted trans-
missivity versus sheet resistance for a variety of different
implementations, consistent with an embodiment of the
present invention;

FIG. 5A shows scanning electron microscope (SEM)
images ol an Ag nanowire mesh on a silicon substrate, con-
sistent with an embodiment of the present invention;

FIG. 5B shows the Ag nanowire length histogram, consis-
tent with an embodiment of the present invention;

FIG. 5C shows the Ag nanowire diameter histogram, con-
sistent with an embodiment of the present invention;

FIG. 5D shows sheet resistance vs annealing time for an Ag
nanowire mesh annealed at 200 degrees (Cels1ius), consistent
with an embodiment of the present invention;

FIG. 5E shows experimentally determined sheet resistance
vs Ag nanowire aerial density, consistent with an embodiment
of the present invention;
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FIG. 6A shows diffuse optical transmittance for two Ag
nanowire meshes, consistent with an embodiment of the

present invention;

FIG. 6B shows current density vs voltage for organic pho-
tovoltaic cells, consistent with an embodiment of the present
ivention.

While the ivention 1s amenable to various modifications
and alternative forms, specifics thereol have been shown by
way ol example 1n the drawings and will be described in
detail. It should be understood, however, that the intention 1s
not to limit the invention to the particular embodiments
described. On the contrary, the intention 1s to cover all modi-
fications, equivalents, and alternatives falling within the spirit
and scope of the mvention.

DETAILED DESCRIPTION

The present mnvention 1s directed to transparent electrodes
and related approaches, their uses and systems for the same.
These and other aspects of the present invention are exempli-
fied 1n a number of 1llustrated implementations and applica-
tions, some of which are shown and characterized i1n the
tollowing description and related figures, and further 1n the
claims section that follows.

Aspects of the present invention relate to methods for gen-
erating a nanowire mesh that has favorable characteristics of
clectrical conductivity and optical transmittance. According
to one such method, nanowire suspensions are created with
the help of a structure-directing agent. The nanowires are
deposited on a substrate. A removal profile 1s followed that
results 1 the removal of a structure-directing agent from the
deposited nanowire.

Aspects of the present invention are particularly usetul for
applications that involve covering large arecas with one or
more transparent/translucent electrodes including the control
of costs associated with preparation and application of the
nanowires. Implementations of the nanowire meshes are also
particularly useful for tlexible substrate applications.

In certain implementations, the large-scale production of
nanowire suspensions allows for the use of the nanowire
suspensions in a variety ol different applications/devices,
thereby allowing for flexibility in the manufacturing process.
In this manner some of the nanowires from the large-scale
production can be used 1n the manner describe herein (e.g., to
produce transparent and conductive electrodes), while others
of the nanowires can be used 1n a variety of other products and
manners.

In one 1mplementation, the nanowire suspension 1S pro-
duced by reducing a compound (e.g., Ag nitrate) in the pres-
ence of a structure-directing agent (e.g., polyvinlypyrroli-
done (PVP)). The resulting nanowires can be deposited on a
suitable substrate to create a conductive nanowire-mesh. In
some 1nstances the presence of the structure-directing agent 1s
undesirable. For example, the structure-directing agent can
have an adverse etlect on the electrical conductivity and/or
the optical transmittance. In such instances the structure-
directing agent can be removed using a removal profile. The
removal profile can be selected so as to achieve the desired
properties for the resulting nanowire mesh. Aspects of the
present ivention relate to specific removal profiles that can
result 1 significant improvements in the properties of the
conductive nanowire-mesh.

According to one embodiment, the structure-directing
agent 1s removed by annealing the nanowire mesh. According
to another embodiment, the structure-directing agent 1s
removed by applying a metal coating to the nanowire mesh,
thereby replacing the structure-directing agent. Each of these
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removal steps can be implemented using a carefully selected
removal profile. The removal profile can be selected to
increase both the conductivity and the optical transmittance
of the metal nanowire-mesh.

Studies have shown that decomposition of PVP begins at
around 2350 degrees (Celsius). Surprisingly, a (PVP) removal
profile has been discovered that operates at temperatures
lower than 250 degrees. This removal profile can improve
both the conductivity and the optical transmittance of a metal
nanowire mesh because excessive heating (temperature and/
or time) can cause the nanowires to effectively melt-down
(away) from contact points and thereby cause an increase 1n
sheet resistance. Thus, a removal profile that uses this lower
temperature can help maintain interconnections between
nanowires while still removing a suflicient amount of the PVP
material.

Embodiments of the present mvention allow for use of
annealing temperatures of less than 250 degrees. In certain
implementations the annealing temperature can be i1mple-
mented at less than 240 degrees and more than 170 degrees.
More specific implementations involve the use of annealing
temperatures ol between about 180 degrees and 200 degrees.

Aspects of the present invention relate to properties of a
metallic nanowire mesh which can be used 1n connection with
a number of different applications including, but not limited
to, applications discussed herein and shown in the various
figures. These properties can include one or more of the
following, but are not necessarily limited thereto, nanowire
s1Ze, nanowire composition, sheet conductance, optical trans-
mittance, nanowire-to-nanowire conductance, and flexibility.
A particular implementation includes Ag nanowires that are
8.7 (+/-3.7) um long and have a diameter of 103 (+/-17) nm.
Sheet resistances of between 100 £2/square and 10 £2/square
can be obtained using proper removal profiles. Optical trans-
mittance of between 80% and 90% can be obtained for wave-
lengths between 400 nm and 800 nm. Significant flexibility
can also be realized, e.g., less than 1% change 1n sheet resis-
tance for bending radi1 down to 4 mm, and no changes after
such bending 1s ceased. Aspects of the mvention allow for
selection of a removal profile so as to achieve these and other
desired properties.

An embodiment of the present invention 1s directed toward
the use of pressure to smooth the nanowire mesh. In some
applications, the resulting nanowire meshes/films are too
rough for use. For instance, the roughness of the nanowire
meshes can be problematic for organic solar cells with active
layer thicknesses 1n the range of 50-200 nm. The amount of
pressure and duration can be selected depending upon the
desired effect and application. In an example implementa-
tion, to lower the surface roughness, the NW meshes are
subjected to uni-axial pressure of about 1.4(+/-0.6)x10e4
pounds per square inch. The pressure can be applied via a
clean (glass) substrate for about 30 seconds. This has been
shown to provide substantial flattening of the features. Such
an application of pressure to the nanowire mesh can also be
useful for improving interconnection between overlapping
Nanowires.

FIG. 1 shows an example implementation of an organic
photovoltaic-cell, consistent with an embodiment of the
present invention. Light source 100 provides optical stimulus
to the photovoltaic cell. This light passes through substrate
101 (e.g., glass, polyethylene terephtalate, plastic, or other
translucent material) and contact 102, which 1s implemented
using a metallic nanowire mesh, and interacts with donor
layer 104 and acceptor layer 106. The interaction generates
clectrical charges that are collected at contact 102 and contact

108.
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FIG. 2 shows an example implementation of an organic
light-emitting-diode (LED), consistent with an embodiment
of the present invention. The LED 1s controlled by applying a
voltage (Vin) across contacts 202 and 208. This voltage 1s
passed from contacts 202 and 208 to electron transport layer >
204 and hole transport layer 206 resulting in the release of
photons/light. This light passes through substrate 210 and
contact 208, which 1s implemented using a metallic nanowire
mesh consistent with aspects of the present mnvention.

Generally, contact 102, 208 should have both a high con-
ductivity and a high optical transmittance to provide the best
eificiency. Although organic LEDs/photovoltaic-cells are
generally considered cheap and easy to manufacture, when
compared to many nonorganic photovoltaic-cells, their eifi-
ciency 1s often poor. Thus, the nanowire meshes ol the present
invention can be particularly useful for organic optical cir-
cuits. The photovoltaic cell, however, need not be organic as
properties ol the nanowire mesh can be useful in other types
of (e.g., silicon-based) photovoltaic-cells. 20

FIG. 3 shows an example implementation that combines a
photovoltaic cell and battery, consistent with an embodiment
of the present invention. Light source 300 provides optical
energy to donor layer 304 after passing through substrate 301
and contact 302, which 1s implemented using a metallic 25
nanowire mesh. Acceptor layer 306 and donor layer 304
generate electrical charges that are collected at contact 302
and current collector (contact) 308. Contact 308 also serves as
a contact for the battery portion of the circuit. This use of the
same contact can be particularly useful for reducing addi- 30
tional costs associated with the photovoltaic portion of the
cell; however, a separate and distinct contact can also be used
for each of the battery and photovoltaic portions of the circuait.
The battery portion of the circuit also includes an 1on source
310 (optionally), separator 312 and (optionally) nanowires 35
314 and current collector 316 which 1s part of the anode of the
battery portion. The nanowires interact with ions from 1on
source 310. Ion source 310 may include a material that con-
tains Lithium, such as LiCoQO,. The battery portion provides
an output (Vout) that can be used to provide electrical power 40
to a circuit. Power generated by the photovoltaic portion of
the circuit 1s transmitted along the charge path to charge the
battery portion. The nanowire meshes of the present invention
are adaptable for alternative applications including, but not
limited to, different types of batteries, power supplies and 45
circuits.

The use of organic photovoltaic cells 1n this manner can be
particularly usetul for extending the charge life of the battery
without an additional/external photovoltaic panel. For
instance, the photovoltaic cells can be applied to the exterior 50
of the battery in a manner that conforms to the desired shape
and/or form factor.

The circuits depicted 1n FIGS. 1-3 are not limiting and are
merely examples of circuits that can benefit from the use of a
metallic nanowire mesh consistent with aspects of the present 55
invention. For instance, non-organic LED and photovoltaic
cells can also benefit from aspects of the present invention.
There are numerous other optical circuits that can use metal-
lic nanowire mesh having one or more of the properties dis-
cussed heremn. In one such instance, optical displays can 60
benefit from use of such nanowire meshes. Due to the rela-
tively high optical transmittance of the nanowire meshes,
clectrical routing can be implemented 1n arecas where low
optical transmittance would adversely atlect the optical dis-
play properties. This can be particularly useful for applica- 65
tions 1n which electrical routing 1s at a premium, as 1s some-
times the case with densely-packed electronics found 1n more
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and more electronic devices. Televisions, cellular phones,
hand-held devices represent a few examples of such elec-
tronic devices.

In other implementations, the metallic nanowire mesh can
be used 1n circuits that are not optically-based. An advantage
of some organic (LEDs/photovoltaic cells) circuits 1s their
flexibility, and thus, a high-level of flexibility for contact 102
can be advantageous for such applications. Yet another use of
the nanowire meshes relates to the providing of a conductive
coating on an otherwise transparent or translucent object. In
this manner an otherwise nonconductive surface can function
as a conductive surface without sacrificing the optical prop-
erties.

Consistent with various embodiments of the present inven-
tion, a number of experiments were carried out. These experti-
ments served a number of purposes including, but not limited
to, determination ol the properties of metallic nanowire
meshes and the effect of different removal profiles on these
properties.

FIG. 4 shows results for solar photon flux-weighted trans-
missivity versus sheet resistance for a variety of different
implementations. In particular, FIG. 4 shows these results for
Ag gratings (solid line), indium tin oxide (ITO) (dotted line),
carbon nanotube (CNT) meshes (open triangle)and Ag
nanowire (solid square) meshes, each deposited on a glass
substrate. Finite-element modeling was used to obtain the
data for the Ag gratings according to the following param-
cters. The grating period was 400 nm, the Ag line width 1s 40
nm, and the thickness was varied. The data for ITO were
computed based on optical constants for e-beam deposited
ITO acquired using spectroscopic ellipsometry. The data for
CNT meshes were obtained from the literature, and the Ag
nanowire mesh data were obtained experimentally. T, was
calculated by integrating the product of the spectrally
resolved transmittance with the spectrally resolved AMI1.5
photon flux over the wavelength range A=400-800 nm.

FIG. SA shows scanning electron microscope (SEM)
images of an Ag nanowire mesh on a silicon substrate, con-
sistent with an embodiment of the present invention. FI1G. 3B
shows the Ag nanowire length histogram, and FIG. 5C shows
the Ag nanowire diameter histogram. FIG. SD shows sheet
resistance vs annealing time for an Ag nanowire mesh
annealed at 200 degrees. After approximately 40 min of
annealing, the Ag nanowires start to coalesce, breaking the
clectrical connections, as shown in the SEM 1mage 1n the
inset. The arrow indicates a nanowire exhibiting a broken
connection. FIG. S5E shows experimentally determined sheet
resistance vs Ag nanowire aerial density (triangles) and theo-
retical results for a nanowire length of 8.7 um and diameter of
103 nm (wire resistance (R;)=18£2) and for the following
values of contact resistances (R ~): 1€2, 40£2, and 100€2 (solid
lines).

FIG. 6 A shows diffuse optical transmittance for two Ag
nanowire meshes with R ,=10.3 Q/sq (604—Ilower line) and
R_,=22.1 €/sq (602—upper line). The solar photon flux-
weighted transmissivity of these two films 1s T, =84.7%
and T _, =88.3%, respectively. The inset shows solar photon
flux-weighted transmissivity as a function of Ag nanowire
mesh aenal density (triangles).

FIG. 6B shows current density vs voltage for organic pho-
tovoltaic cells with device structure 45 nm CuPc/45 nm
PTCBI/10 nm BCP/100 nm Ag on an Ag nanowire mesh
(squares) and ITO (triangles) 1n the dark (filled symbols) and
under 65 mW/cm2 AM1.5 illumination (open symbols).

According to a specific implementation, Ag nanowires
were synthesized by the reduction of Ag nitrate 1n the pres-
ence of polyvinylpyrrolidone (PVP) 1n ethylene glycol. The
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resulting Ag nanowires were 8.7 (+/-3.7) um long and had a
diameter of 103 (+/-17) nm. To fabricate transparent elec-
trodes using nanowire suspensions, a volume of the nanowire
suspension was dropped on a glass substrate with 100-nm-
thick pre-patterned Ag contact pads and allowed to dry in the
air for 10 min while agitated on a shaker. The resulting films
were random meshes of Ag nanowires without significant
bundling of wires that were uniform over the area of the
substrate, as shown in the SEM 1images in FI1G. 5A. The initial
sheet resistance of the nanowire mesh electrodes was greater
than 1 k €2/sq due, 1 part, to the presence of the 1-nm- to
3-nm-thick PVP surfactant layer. As shown in FIG. 5B,
annealing of the meshes at a temperature of 200 degrees
(Celstus) results 1n a steep drop of the sheet resistance (R, )
(measured at the annealing temperature) by more than an
order of magnitude from R ,>1 k €2/sq to R ,>100 £2/sq after
20 minutes. This reduction 1n R, can be attributed to the
flowing and partial decomposition of the PVP which allows
the Ag nanowires to make (direct) contact and fuse together.
Continued annealing at 200 degrees for more than 40 min led
to a gradual increase in R, as the Ag nanowires coalesce 1nto
disconnected droplets. The low R, was achieved for tem-
peratures as low as 180 degrees.

The R, of a metal nanowire mesh depends on the wire
length, L, wire resistance, R;, the wire-wire contact resis-
tance, R -, and wire aerial density, D. To understand the fac-
tors that limit R ,, dependencies on these parameters were
evaluated. Computer generated random meshes were used 1n
the evaluation. The distribution of Ag nanowire lengths and
diameters was determined from SEM images as shown 1n
FIG. SA. The average length (L,,.) was 8.7 um, and the
average diameter (d,,.) was 103 nm. Assuming the bulk
resistivity of Ag 1s p=1.6 uf2-cm, the average wire was deter-
mined to have a resistance of R =18€2. In the simulated

Wavg
nanowire meshes, all wires were assumed to be of length

L=L,,, with a wire resistance ot Ry;=R .. In FIG. 5C, the
experimentally obtained R, for Ag nanowire meshes with
varying wire density, D, determined from SEM images, 1s
compared with model calculations assuming R =1 £2, 40€2,
and 100€2. The data agreed well with the model calculations
for R =40Q for D<0.3 um~~. For D>0.3 um™~, the data was
better described by model calculations for R .=1€2. Without
being bounded by theory, this was attributed to the formation
of many parallel connections with the lowest resistance con-
nections dominating the overall resistance.

An Ag nanowire mesh with R_,=11.8 £2/sq was deposited
on 63.5-um-thick Kapton tape to evaluate changes in R,
when the substrate 1s bent. No changes in R, larger than 1%
were measured for bending radii down to 4 mm, and no
changes were observed when the substrate relaxed back to the
planar shape.

The random nature of the Ag nanowire meshes lead to
substantial scattering of incident light. Approximately 20%
of the transmitted light was scattered over angles >10 degrees.
Since the scattered light contributes to photocurrent genera-
tion 1n solar cells, the optical transmittance of the Ag nanow-
ire meshes was measured using an integrating sphere. The
spectrally resolved diffuse transmittance for two Ag nanowire
meshes 1s shown 1n FIG. 6 A. The solar photon flux-weighted
transmissivity, T, . 1s plotted as a function of the nanowire
mesh aerial density 1n the inset of FIG. 6 A (triangles) and as
a function of its R, 1n FI1G. 6B (squares). For a gtiven R, , the
Ag nanowire meshes on glass exhibita T , that 1s compa-
rable to or higher than that of I'TO on glass. Given that the Ag
nanowire meshes can potentially be deposited at much lower
cost (e.g., because they can be processed from solution), and

as they can be prepared using only a moderate temperature
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step of 180-200 degrees, and do not fail upon bending of the
substrate, they can be a particularly attractive replacement for
metal-oxide transparent electrodes.

To evaluate the potential of metal nanowire mesh transpar-
ent electrodes for use 1 devices, small molecular weight
organic photovoltaic cells were deposited onto Ag nanowire
mesh electrodes with T, , =86% and R_,=16 €2/sq. The Ag
nanowire mesh was coated with a layer of poly(ethylenediox-
ythiophene) poly(styrenesulfonate) (PEDOT:PSS) by spin-
coating aiter annealing to adjust the work-tunction. The pres-
ence ol the transparent, conductive PEDOT:PSS layer
ensures that holes generated 1n the organic solar cell are
collected efficiently despite the relatively large distance
between the Ag nanowires compared to the thickness of the
organic layers. On top of the Ag nanowire-PEDOT: PSS
composite transparent electrode, a bilayer solar cell with the
following layer structure was deposited by vacuum sublima-
tion: 45 nm ol copper phthalocyanine (CuPc)/45 nm of
perylenetetracarboxylix bisbenzimidazole (PTCBI)/10nm of
bathocuproine (BCP)/100 nm of Ag. The same device struc-
ture was simultaneously deposited on an ITO transparent
clectrode on glass for comparison. The thickness of these
devices 1s larger than the optimal thickness 1n order to prevent
shorts due to the topography of the 100-nm-diameter Ag
nanowire meshes.

In FIG. 6B, the current-voltage characteristics of the
bilayer photovoltaic devices 1n the dark and under 65
mW/cm® AM1.5 illumination are shown. The short circuit
current density, J .-, was 1.83 mA/cm” for the devices depos-
ited on the Ag nanowire mesh electrode and 1.54 mA/cm” for
devices on ITO. While not bounded by theory, the 19%
increase 1n short circuit current for the devices on the Ag
nanowire mesh can be attributed to the higher optical trans-
missivity, improved optical path length due to scattering of
incident light, increased roughness of the donor-acceptor
interface, and/or a local enhancement of the optical intensity
near the metal nanowires. The power conversion efficiencies
of the devices on the random Ag nanowire mesh and I'TO
clectrode were 0.38% and 0.42%, respectively. The lower
eificiency of the device on the Ag nanowire mesh was chietly
due to a higher dark current that may be the result of current
shunt paths due to the roughness of the Ag nanowire elec-
trode. The efficiency of these devices can likely be improved
for this material system because thick, non-optimized devices
were used.

For further details on experimental results and applications
therefrom, reference can be made to Solution-Processed
Metal Nanowire Mesh Transpavent Electrodes, Jung-Yong
Lee et al., NANO LETTERS (2008) Vol. 8, No. 2, 689-692,
which 1s fully incorporated herein by reference.

According to another embodiment, a removal profile was
implemented in which the removal of the structure-directing
agent (e.g., PVP) was implemented by applying a metallic
coating to the deposited nanowires of the nanowire mesh.

A specific, experimental, implementation of such an
embodiment (and corresponding results) involves immersion
of the NW mesh (on glass) into an ethanolic or aqueous
solution of gold salt (HAuCl4) at temperatures between 25
degrees and 100 degrees (Celsius) for 1-10 minutes. A partial
to total replacement of Ag with Au occurs. The ratio of Ag and
Au can be controlled by moditying the process time. At short
times, a thin shell of Au 1s formed on the AgN'W mesh, while
at longer times, Au nanotubes are formed.

The various embodiments described above are provided by
way of 1llustration only and should not be construed to limit
the invention. Based upon the above discussion and illustra-
tions, those skilled 1n the art will readily recognize that vari-
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ous modifications and changes may be made to the present
invention without strictly following the exemplary embodi-
ments and applications 1llustrated and described herein. For
example, the methods, devices and systems discussed herein
may be 1implemented 1n connection with a variety of technolo-
gies such as those mvolving one or more of eye wear, televi-
sion, handheld displays and the like. The invention may also
be implemented using a variety of approaches such as those
involving producing electrically conductive versions of trans-
lucent objects that are otherwise nonconductive.

Such modifications and changes do not depart from the true
spirit and scope of the present invention, including that set
torth 1n the following claims.

What 1s claimed 1s:

1. A method comprising:

synthesizing silver nanowires 1n a solution containing a

structure-directing agent that includes polyvinylpyrroli-
done;

depositing the silver nanowires on a substrate to form a

sheet of nanowires; and

heating the deposited silver nanowires to a temperature 1n

a range ol around 180 degrees Celsius and 200 degrees
Celsius for 20 minutes to 60 minutes, thereby removing
the structure-directing agent and modifying the electri-

10
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20

cal conductivity and optical transmittance of the sheetof

Nanowires.

2. The method of claam 1, wherein the step of heating
results 1n a sheet conductivity level that 1s less than about 25
ohms per square and a sheet transmittance of at least about
80% for all wavelengths between about 400 nanometers and
300 nanometers.

10

3. The method of claim 1, wherein the step of synthesizing,
silver nanowires includes creating silver nanowires having an
average length of about 5 um to 20 um and an average diam-
eter of less than about 100 nm.

4. The method of claim 1, wherein the step of synthesizing
silver nanowires includes creating silver nanowires having an
average length of about 8 um to 9 um and an average diameter
of less than of about 100 nm.

5. The method of claim 1, further including the step of
depositing an organic photovoltaic cell onto the sheet of
Nnanowires.

6. The method of claim 1, further including the step of
applying, to the heated and deposited silver nanowires, pres-
sure of about 1.4(+/-0.6)x10e4 pounds per square inch for
about 30 seconds.

7. The method of claim 1, further including a step of apply-
ing uni-axial pressure to the substrate to reduce surface
roughness of the sheet of nanowires.

8. The method of claim 1, wherein the resistance of the
sheet ol nanowires 1s greater than 1 k€2/sq prior to heating.

9. The method of claim 1, wherein the resistance of the
sheet ol nanowires 1s approximately 100 £2/sq after the step of
heating.

10. The method of claim 1, wherein the step of removing
the structure-directing agent includes annealing the deposited
silver nanowires at a temperature 1n a range of around 180
degrees Celsius and 200 degrees Celsius for 30 minutes to 40
minutes.
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